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This study examines the heat and mass transfer aspects of the natural convective flow of a nanofluid along a vertical flat surface,
incorporating electrified nanoparticles and electric Reynolds number. While conventional nanofluid models like Buongiorno’s model
overlook the nanoparticle electrification and electric Reynolds number mechanisms, this study addresses the nanoparticle electrification
and electric Reynolds number mechanisms by justifying its relevance, particularly when tribo-electrification results from Brownian
motion. This incorporation of the electric Reynold number and nanoparticle electrification mechanism is a unique aspect of this
investigation. Using the similarity method and nondimensionalization, the governing partial differential equations of the flow are
transformed into a set of locally similar equations. MATLAB's bvp4c solver is employed to solve this set of equations, along with the
boundary conditions. The obtained results are validated by comparison with those from previously published works. Graphical
representations are provided for the numerical outcomes of non-dimensional velocity, concentration and temperature concerning the
nanoparticle electrification parameter and electric Reynolds number. The combined effects of the nanoparticle electrification parameter
and the electric Reynolds number on non-dimensional heat and mass transfer coefficients are examined in tabular form. Furthermore,
the impact of the nanoparticle electrification parameter on both heat and mass transfer for varying values of the Brownian motion
parameter is explored graphically. The primary finding of this investigation indicates that the electrification mechanism of nanoparticles
quickens the transfer of heat and mass from a flat surface to nanofluid, suggesting promising prospects for utilization in cooling systems
and biomedical applications.
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1. INTRODUCTION

The incorporation of heat and mass transfer in the natural convective boundary layer flow around a vertical flat
surface has garnered significant interest due to its myriad practical implications. These include applications in
industries such as crude oil extraction, nuclear waste storage, packed bed reactors, aviation insulation, heat exchangers,
geothermal ventures, and the cooling of electronic equipment. These examples underscore the utilization of the earth's
natural heat across various technological domains. Recent technological advancements in the manipulation of standard
fluids now involve the integration of nanometer-sized particle fibers into primary fluids, leading to the creation of
nanofluids. These nanofluids are primarily utilized to augment the heat transfer capabilities of the base fluid. Over
time, the progression and refinement of technology, particularly in the realm of nanotechnology, are expected to
significantly impact future markets. Nanotechnology, which involves the study and application of structures at the
nanoscale level, has facilitated the development of various effective products. Its applications span across multiple
domains, including medicine, therapy, diagnostics, sequencing, electronics, and material manufacturing. Choi et al. [1]
illustrated that adding nanoparticles to a base fluid can significantly enhance thermal conductivity, effectively
doubling it.

Several researchers have proposed numerous physical factors that enhance heat transmission in nanofluid flow.
Buongiorno [2] emphasized that thermophoresis and Brownian motion are pivotal slip mechanisms for modelling
nanofluid flow. However, the impact of nanoparticle electrification and electric Reynolds number mechanisms has been
overlooked in this context. Several studies (Kuznetsov and Nield [3], Khan and Aziz [4], Aziz and Khan [5], Das and
Jana [6], Goyal and Bhargabha [7], Jeevandhar et al. [8], Reddy and Goud [9], Dey et al. [10]) have explored the
simulation of free convective nanofluid flow along a vertical flat plate using Buongiorno’s model [2]. Notably, the
mechanism of nanoparticle electrification remains unaddressed in all these studies ([2] to [10]). Nonetheless, due to
Brownian motion leading to nanoparticle collisions, the significance of the electrification mechanism is justified
(Soo [11]; Kang and Wang [12]).

This study delves into the combined effects of electric Reynolds number and electrified nanoparticles on the flow
of nanofluid near a vertical flat surface. Integrating the electric Reynolds number and electrified nanoparticles into
Buongiorno's model allows for an exploration of the heat and mass transport dynamics of the nanofluid, which is a
uniqueness of the current work not considered in earlier literature on nanofluid flow past a vertical flat surface.

Cite as: A K. Pati, S. Mishra, A. Misra, S.K. Mishra, East Eur. J. Phys. 2, 234 (2024), https://doi.org/10.26565/2312-4334-2024-2-22
© AK. Pati, S. Mishra, A. Misra, S.K. Mishra, 2024; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2024-2-22
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0003-0966-5773

235
Heat and Mass Transport Aspects of Nanofluid Flow Towards a Vertical Flat Surface... EEJP. 2 (2024)

2. MATHEMATICAL FORMULATION
A Cu -water steady laminar nanofluid flow with electrified nanoparticles is examined. The vertical flat surface is
chosen along the x axis. The wall surface maintains constant values for concentration (C,,) and temperature (7;,). The
values for temperature and concentration outside the boundary layer are taken as T,, and C,, respectively. The schematic
view is displayed in Fig 1.
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Figure 1. Coordinate system and schematic view

The governing equations with electrified nanoparticles (Pati et al. [13]) and using the Oberbeck-Boussinesq
approach can be formulated as follows:
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where C and T signify the local concentration and local temperature, respectively. The velocity and electric intensity
components in the (x, y) direction is represented by (u, v) and (Ey, E, ), respectively. The subscripts f, s and nf represent
the base fluid, nanoparticle, and nanofluid thermophysical properties, respectively. The symbols (pc), k, 1, and p signify
heat capacity, thermal conductivity, viscosity, and density, respectively. F represents the momentum transfer time
constant between the fluid and the nanoparticles. g denotes the gravitational acceleration. Dr, By and Dg stands the
thermophoretic diffusion coefficient, volumetric thermal expansion coefficient and Brownian diffusion coefficient,
respectively. m and g denotes the mass and charge of the nanoparticles, respectively. £, denotes the permittivity. The free
stream values are represented by the subscript .

By considering the stream function 1 with % = —v and % = u, equation (1) is clearly satisfied. The variables

mentioned below are employed in transforming equations (2), (3), and (4) into equations (8), (9), and (10) and the
equations (1) and (5) are identically satisfied.
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, is the local Rayleigh number.

where 1 denotes similarity variable and Ra, =

The non-dimensional equations are as follows:
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where prime (') indicates derivative with respect to 7.
The equations (6) are simplified to

n=0,£(0) = £'(0) = 0,5(0) = 6(0) = 1}_ (1)

n = o0, f(0) = 0,5(0) > 0,6(0) > 0

The nondimensional parameters are represented as
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Here Nr, Nt, Pr, Nc, Nb, Sc, Ng,, Np, and M denote the buoyancy ratio, thermophoresis parameter, Prandtl number,
concentration ratio, Brownian motion parameter, Schmidt number, electric Reynolds number, momentum transfer
number, and electrification parameter, respectively.

The thermophysical constants (Maharukh et al., [14]) are represented as
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The investigation utilizes a nanofluid with a 1% concentration of copper nanoparticles. The thermophysical
characteristics of both pure water and the nanoparticles are evaluated based on the criteria established by Oztop and Abu-
Nada [15].

The local Nusselt number Nu, and Sherwood number Sh, are provided for applications involving heat and mass
transfer as

_ Xqw — _
Nu, = —kf(Tw_Too) , where q,, kf (6y)

— _ Xdm = _
Sh, = oGyt where q,, = —Dp (ay)

The reduced Nusselt number (—9’(0)) and the reduced Sherwood number (—s'(O)) can be expressed in dimensionless

form as
Nu,/(Ra,)'/* = —6'(0),

Shy/(Ra)* = —s'(0).
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3. METHOD OF SOLUTION
The MATLAB bvp4c solver is employed for solving equations (8) to (10) along with the equation (11) and it is
noted that these equations are specifically local similarity equations, as the parameters M, N and Ng, continue to rely
on x. Numerical results are deemed appropriate, as long as they yield a locally similarity solution, as emphasized by
Habibi and Jahangiri [16]. Additionally,M, N and N, treated as constants in this context following [16].

4. RESULTS AND DISCUSSION
The computed numerical values of —8'(0) in the standard fluid scenario are cross-referenced with Kuznetsov and
Nield's findings [3] to validate the accuracy of the calculations. Table 1 illustrates a significant alignment between the
two sets of data.

Table 1. Comparison of —8'(0)

Pr 1.0 10.0 100.0 1000.0
—6'(0) (Kuznetsov and Nield [3]) 0.401 | 0.463 0.481 0.484
—6'(0) (present results) 0.401 0.463 0.480 0.482
Fig. 2 illustrates the distributions of dimensionless longitudinal velocity %5;7), concentration s(n) and temperature 6(n)
of the flow.
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Figure 2. Plots of%&lm,e(n) and s(n) for the case Pr = 6.2, Ng, = Sc = 2.0,Nc = Np = M = Nr = Nb = Nt = 0.1.

4.1. Impact of Electrification Parameter on Velocity, Temperature and Concentration Profiles
Numerical analysis is conducted to investigate the impact of M on f'(n), 6(n), and s(n) distributions with respect
to 1, represented graphically. Figure 3 illustrates the effect of M on f'(n), revealing an enhancement in f'(n) with
increasing M.

Figure 3. Effects of M on velocity profiles

This phenomenon occurs due to the escalation of the electrification parameter, which subsequently augments the
drag force on ions, inducing an opposite and equal reaction force on neutral fluid molecules within the boundary layer,
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thereby causing an increase in f'(n). By increasing M, 8(n) decrease, as shown in Fig. 4. The rise in M leads to an
increase in fluid velocity, causing the hotter fluid particles to move away. Consequently, the fluid cools, resulting in a
decrease in 8(7). Fig. 5 shows that s() reduces with increasing M. This occurs due to a rise in M, causing nanoparticles
to move from the fluid region towards the flat surface, resulting in a decrease in s(7). The values Pr = 6.2, Nc = Np =
Nr = Nb = Nt = 0.1 and Ng, = Sc = 2.0 remain constant across all the findings depicted in figures 3 to 5.

Figure 4. Effects of M on temperature profiles.

Figure S. Effects of M on concentration profiles

4.2. Impact of Electric Reynolds Number on Velocity, Temperature and Concentration Profiles
Numerical investigation is conducted to examine the impact of N, on f'(n), 6(n), and s(n) distributions with
respect to 1, represented graphically. Figure 6 and 7 shows the effect of Ng, on f'(n) and 8(n) respectively, revealing
an improvement in f'(n) and 6(n) as Ng, increases. Fig. 8 indicates that s(n) reduces near the flat surface while the
opposite trend is noticed far away from the flat surface with increasing Npg,. The values Pr = 6.2, Nc = M = N = Nr =
Nb = Nt = 0.1 and Sc = 2.0 remain constant across all the findings depicted in figures 6 to 8.

Figure 6. Effects of Ny, on velocity profiles.
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Figure 7. Effects of Ng, on temperature profiles.
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Figure 8. Effects of Nk, on concentration profiles.

4.3. Combined effects of Electric Reynolds Number and Electrification parameter on Non-dimensional Heat
and Mass Transfer Coefficients

The combined effects of Ng, and M on —6'(0) and —s'(0) is depicted in Table 2. It is observed that for various
values of the electric Reynolds number, both —6'(0) and —s’(0) enhances as M increases. It has been noted that as the
electric Reynolds number (Ng,) increases, —8'(0) reduces whereas —s’(0) improves across different values of
electrification parameter.

Furthermore, the effect of M on —8'(0) and —s'(0) for varied values of Nb is depicted in Figs. 9 and 10,
respectively. It is found that for various values of the Brownian motion parameter, both —8’(0) and —s’(0) improve as
M grows. This is because as M grows, the values of 8(n) and s(n) near the flat surface both drops.

Table 2. Combined effects of Nz, and M on —8'(0) and —s’(0) when Sc = 2.0, Pr = 6.2, Nr = Nc = Nb = Nt = N = 0.1.

M Nro —0'(0) —s'(0)
0.5 037543 0.07865
1.0 0.36667 0.11995
0.1 1.5 036378 0.13370
2.0 0.36235 0.14057
2.5 0.36148 0.14469
0.5 0.41083 0.10685
1.0 0.40229 0.14506
02 1.5 0.39948 0.15774
2.0 0.39808 0.16407
2.5 039725 0.16786
0.5 0.43878 0.12520
1.0 0.43040 0.16132
03 1.5 0.42764 0.17330
2.0 0.42627 0.17926
2.5 0.42545 0.18284
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Figure 9. Effects of M on —0'(0) for varied values of Nb.
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Figure 10. Effects of M on —s'(0) for varied values of Nb.

5. CONCLUSIONS
The heat and mass transfer aspects of natural convective nanofluid flow involves examining the impact of M and
Nge on f'(n), 6(n), s(n), —60'(0) and —s’(0). The numerical investigation focuses on studying the variations of —6'(0)
and —s'(0) concerning the values of M and Np,, with the results presented in graphical and tabular forms. The analysis
of these findings yields the following conclusions:
e As the electrification parameter M increases, there is an increase in the non-dimensional velocity, accompanied by
a reduction in the dimensionless concentration and temperature within the boundary layer region.
e As the electric Reynolds number Np, rises, the non-dimensional velocity and temperature experiences a growth,
while the dimensionless concentration experiences dual nature within the boundary layer region.
e  As the dimensionless heat transfer rate rises from a flat wall to a nanofluid, there's a consequent increase in M,
prompting heat conduction into the cooler fluid and subsequently cooling the flat surface.
e  An increase in the values of M results in a boost in the dimensionless mass transfer rate from a flat surface to a
nanofluid, consequently bolstering drug delivery efficacy in biomedical uses.
The dimensionless heat transfer coefficient decreases as the electric Reynolds number increases.
The dimensionless mass transfer coefficient enhances as the values of Ng, increase.
Furthermore, alongside thermophoresis and Brownian motion, as proposed by Buongiorno, the inclusion of
electrified nanoparticles emerges as a pivotal element in the modelling of nanofluid flow. This aspect notably enhances
both heat and mass transfer mechanisms.
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ACHEKTH NEPEHECEHHSI TEILIA TA MACH TIOTOKOM HAHO®IIOIIIB 1O BEPTUKAJILHOI IIJIOCKOI
MOBEPXHI IIJ{ BIJINBOM EJIEKTPU®IKOBAHUX HAHOYACTHHOK
TA EJIEKTPUYHOI'O YACJA PEMHOJIBICA
Anita Kymap Ilati, Cyxxkut Mimpa, Aok Micpa, Capox:xk Kymap Mimpa
Yuisepcumem mexnonozii ma menedxrcmenmy Llenmypion, Iapanaxemynoi, Odiwa, Inoisa

Y mpoMy IOCTIDKEHH] PO3TIIAAAIOTHCS aClEeKTH TEIUIO- Ta MAaCOOOMiHY MPHUPOAHOTO KOHBEKTUBHOTO MOTOKY HaHO(MIIOIMY B3IOBK
BEPTHKAIBHOI INIOCKOI MOBEPXHi, 10 BKIIOYAE eNeKTPH(IKOBaHI HAHOYACTHHKH Ta €JICKTpHUHE 4yucio PeifHonpaca. YV Toit gac sk
3BHYaifHI MoJelti HaHOMIIIOIIB, Taki K MozeNb ByoHPKOpHO, HE TOMIYAIOTh MEXaHI3MH eJIEKTPHU3allil HAHOYACTHHOK 1 SNIEKTPUIHIX
yucen PeliHombaca, 1€ MOCTIDKCHHS PO3IIISJae MEXaHi3MH elICKTpHU3allii HAHOYACTHHOK 1 CJICKTPHYHHMX dYucell PeiiHonbica,
OOIPYHTOBYIOUM X aKTYyaJIbHICTh, OCOOJMBO KOJH TPUOOEGNEKTPH3ALlisl € pe3yJbTaToOM OpOYHIBCBKOTO pyxXy. Take BKIIIOUCHHS
CNIEKTPUYHOrO 4Yncia PeliHompica Ta MexaHi3My eNeKTpHu3alii HAHOYACTHHOK € YHIKaJbHHM AacCIeKTOM IbOTO JOCII/KEHHSI.
BukopucroByroun MeTon MOAIOHOCTI Ta 0e3po3MipHICTh, KepiBHI AuepeHiianbHi PIBHSIHHS B YaCTHHHHX IOXiTHHX IOTOKY
MIEPETBOPIOIOTHCS HA HaOip JOKanbHO MOAiOHNX piBHAHB. Po3B’s3yBau bvpdc MATLAB BUKOPHCTOBYETHCS Uil BUPIMICHHS IIHOTO
HaOopy PIBHAHB pa3oM i3 TpaHUYHUME yMoBamMH. OTpuMaHi pe3yibTaTH MiATBEPIKYIOTHCS TMOPIBHAHHAM 3 pe3ylbTaTaMU paHile
omyOikoBaHux po06iT. HaBemeHo rpadiuHi IpencTaBiIeHHs YHCIOBHX pPe3yJbTaTiB Oe3BHMIPHOI IIBHIKOCTI, KOHIEHTparii Ta
TeMIIepaTypH MIOJO0 MTapaMeTpa elNeKTPH3allil HAHOYACTHHOK Ta eINEeKTPHYHOro 4yncia PelfHonbaca. ¥V TabmuuHii GpopMmi po3IITHYTO
CYKYIHHH BIUIMB IapaMeTpa eleKTpH3allil HAaHOYAaCTHHOK Ta eJIEKTPUYHOro uucia PeifHonbaca Ha 6e3po3MipHi KoedillieHTH Teruio-
Ta MacoBiggaui. Kpim Toro, rpadiuyHo J0CTiXKEHO BIUIMB MapaMeTpa eICKTpU3allil HAHOYACTHHOK SIK Ha TEIUIO-, TaK 1 Ha MacOOOMIH
JUIsL Pi3HUX 3HAuYeHb mapameTpa OpoyHiBChbKOro pyxy. OCHOBHHII BUCHOBOK IIbOTO JOCIHI/DKEHHS BKa3ye Ha Te, LI0 MEXaHi3M
eJIeKTpH3allii HAHOYACTMHOK HPHMCKOPIOE Mepeiady Telula Ta MacH BiJl IUIOCKOI MOBEpXHI J0 HAHOPIAMHHM, IO Hependauyae
0aratoo0iL0Yi NePCIIEKTUBH BUKOPUCTAHHS B CHCTEMAaX OXOJO/KCHHS Ta O10MEANYHUX TOAATKAX.

Kuro4oBi ciioBa: naenrexmpuzoani HaHowacmuHKu,; HaHopaoio;, modenv Byonoacopro, erekmpuune yucio Petinonvoca; npupoona
KOHGeKYis





